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CONVERGENCE OF PROXIMAL SOLUTIONS FOR EVOLUTION
INCLUSIONS WITH TIME-DEPENDENT MAXIMAL MONOTONE
OPERATORS

M. KANAT CAMLIBEL, LUIGI IANNELLI, AND ANEEL TANWANI

ABSTRACT. This article studies the solutions of time-dependent differential inclusions which is
motivated by their utility in the modeling of certain physical systems. The differential inclusion
is described by a time-dependent set-valued mapping having the property that, for a given time
instant, the set-valued mapping describes a maximal monotone operator. By successive applica-
tion of a proximal operator, we construct a sequence of functions parameterized by the sampling
time that corresponds to the discretization of the continuous-time system. Under certain mild
assumptions on the regularity with respect to the time argument, and using appropriate tools
from functional and variational analysis, this sequence is then shown to converge to the unique
solution of the original differential inclusion. The result is applied to develop conditions for
well-posedness of differential equations interconnected with nonsmooth time-dependent comple-
mentarity relations, using passivity of underlying dynamics (equivalently expressed in terms of
linear matrix inequalities).

1. INTRODUCTION

The theory of monotone operators emerged as an important area of research within the field
of nonlinear analysis in early 1960’s [31, 38, 62]. Since then, we have seen applications of such
operators in various disciplines, which include, but are not limited to, optimization algorithms,
dynamical systems, and partial differential equations are the most prominent ones. Recent arti-
cles [6, 20, 53] provide an overview of monotone operators appearing in optimization algorithms.
The relevance of such operators in dynamical systems was seen in [9, 40], where the differential
inclusions with maximal monotone operators are analyzed. Even in the systems of partial dif-
ferential equations, the appearance of these operators brings tractability to proving existence of
solutions [14, 37, 55, 63]. Applications of dynamical systems with maximal monotone operators
range from modeling traffic equilibrium [42] to electronics [1]. Relatively modern texts on analysis
of monotone operators are [7, 48, 57].

This article is focused on studying maximal monotone operators in the context of mathematical
models for dynamical systems, and the central object of our study is to investigate conditions for
existence of solutions to the differential inclusion

(1) &€ —F(t,z), x(0)€ domF(0,-),

where F : [0,00) x R™ = R™ has the property that, for each ¢t > 0, F(¢,-) is a maximal monotone
operator. In studying this generic class of systems, we will refer to other types of nonsmooth
dynamical systems which can be recast in the form (1). From a theoretical point of view, most
of the earlier work had focused on differential inclusions with static maximal monotone operators,
which is very elegantly collected in [9], or see [47] for a recent overview on this subject. Common
techniques used in analyzing such systems are either based on regularization, or discretization.
For the former one, the so-called Yosida-Moreau approximations provide a single-valued Lipschitz
function with a regularization parameter, and as this parameter converges to zero, it is shown
that the corresponding solutions converge to the solution of the original differential inclusion. The
discretization techniques rely on constructing piecewise constant interpolations of the sequence of
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points obtained from some discrete system with a sampling parameter. As the sampling parameter
converges to zero, the corresponding sequence of solutions is shown to converge to the actual
solution.

To the best of our knowledge, the first attempts for studying inclusion (1) with time-dependent
operators F(t,x), but with the domain of F(t,-) stationary for each ¢ > 0, were carried out in
[30]. Since then, several works have appeared which tackle dynamical systems with time-dependent
multi-valued monotone operators. When F'(t, x) is the subdifferential of a time-dependent, proper,
lower semicontinuous, and convex function ¢y (+), that is, F(¢,2) = Ops(x), then F(t,-) is a max-
imal monotone operator. Such systems, involving time-dependent subdifferentials, have been
particularly studied in [5, 28, 29, 35, 41, 61] under varying degrees of regularity on the system
data. Imposing further structure on the operator F'(t,-), if we take F(t,z) = gy (), where
S :[0,00) = R" is closed and convex-valued mapping and % is the indicator function associated
with S(t), then the resulting dynamics have been more commonly studied under the topic of sweep-
ing processes. Starting from the seminal work of [40], the research in this area has grown to study
several generalizations of the fundamental model, see for example, the monographs [2, 34, 39, 56]
for an overview, and the articles [3, 4, 22, 23, 27, 32, 49] for more recent and focused expositions.
Besides the cases where F' is expressed as a subdifferential of a convex function, certain classes of
evolution variational inequalities [12, 44, 59] can also be embedded in the framework of (1).

While all these aforementioned works can be represented by (1), they also rely on the partic-
ular structure of the set-valued mapping in their problem description for analysis of existence of
solutions. Notable exceptions in the literature, which address directly the system class (1) are
[33, 60]. However, the regularity assumptions imposed in these works restrict the applicability of
their results. Consequently, when applications of these dynamical models are studied, for example
in control [10, 59], the results that build on the works of [33, 60] suffer similar limitations. Based
on these observations, the motivation to study new set of conditions for existence of solutions to
systems class (1) arises and our aim in this paper is to provide mild (read as mildest possible)
conditions on regularity with respect to the time argument, which allows us to cover a possibly
larger class of systems. Moreover, we can recover most (if not all) of the results on time-dependent
and static case with our approach.

Our approach builds on using the time-stepping algorithm pioneered in [40], which was also
used for studying existence of solutions for system (1) in [33]. This algorithm constructs a sequence
of solutions, where each element of the sequence is an interpolation of points obtained by applying
the proximal operator associated with domain of the multivalued function appearing in (1). With
the help of an academic counterexample, we show how the assumptions imposed in [33] fail to
hold for a dynamical system described by time-dependent complementarity relations. We study
existence of solutions under conditions which overcome such restrictions. The basic idea is to
construct a sequence of solutions. To construct an element of this approximate solution with a
fixed sampling time, we first compute a set of points at sampled time instants by projecting the
value of a certain function on the domain of the set-valued mapping. Using a novel interpolation
technique among these discrete points, we obtain a sequence of absolutely continuous functions.
Using the arguments based on Ascola-Arzeli theorem, this sequence is shown to converge to an
absolutely continuous function, which is then shown to be the unique solution of the original
system. We generalize our result to the case where the right-hand side of (1) has a single-valued
Lipschitz vector field in addition to the set-valued maximal monotone operator.

Moreover, because of the relaxed nature of assumptions, our results provide a constructive
framework for studying differential equations with complementarity relations. Such nonsmooth
relations form a particular subclass of maximal monotone operators, and have been useful in model-
ing systems with piecewise affine characteristics [18, 11, 13]. Earlier work on complementarity sys-
tems has focused on linear dynamics coupled with static complementarity relations [16, 26, 54, 25].
Lately, it was shown in [19] that an interconnection of static complementarity relation with ordi-
nary differential equations yields a differential inclusion with static maximal monotone operator.
However, time-dependence in complementarity relations has not been easy to treat with existing
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frameworks. Inspired by the result in [19], we provide conditions under which it is possible to re-
cast the interconnection of an ordinary differential equation with time-dependent complementarity
relation in the form of a differential inclusion with time-dependent maximal monotone operators,
for which the existence of solutions is being studied in this article.

The remainder of the article is organized as follows: In Section 2, we provide appropriate
background material from set-valued and functional analysis. In Section 3, a motivating example
is provided to show how the current literature on differential inclusions with maximal monotone
operators is inadequate for certain system classes. The main assumptions and the result is given
in Section 4, followed by a detailed proof in Section 5. Section 6 deals with extensions of the main
existence/uniqueness result towards non-autonomous case as well as Lipschitzian perturbations.
The results are then studied in the context of linear ordinary differential equations coupled with
time-dependent maximal monotone relations in Section 7. Finally, the paper closes with some
concluding remarks in Section 8.

2. PRELIMINARIES

In this section, we introduce notational conventions that will be in force throughout the paper
as well as auxiliary results that will be employed later.

2.1. Vectors and matrices. We denote the set of real numbers by R, nonnegative real numbers
by R, n-vectors of real numbers by R™, and n x m real-valued matrices by R™*".

To denote the scalar product of two vectors z, y € R™, we use the notation (z,y) := z7y where
2T denotes the transpose of z. The Euclidean norm of a vector x is denoted by |z| := (2, z)2.
For a subspace of W of R", W+ denotes the orthogonal subspace, that is {y € R : (z,y) =
0 for all x € W}.

We say that a (not necessarily symmetric) matrix M € R"*" is positive semi-definite if x7 Mz >
0 for all x € R™. We sometimes write M > 0 meaning that M is positive semi-definite. Also, we
say that M is positive definite if M > 0 for all nonzero = € R™.

2.2. Convex sets and related notions. The distance of a point x to a set S is defined by
dist(x,S) = inf{|x —y| : y € S}. If the set S is closed and convex then for each z € R™ there
exists a unique point y € S such that |x — y| = dist(x, S). Such a point is called the projection of
2 onto the set S and will be denoted by proj(z, S).

The Hausdorff distance between two nonempty subsets of R™, say S; and S, is defined by:

dn(S1,S2) == max{ sup dist(z1,S2), sup dist(zg,Sl)}.
zZ1E€S1 29E€Ss

Since dist(z,S) = dist (x,cl(S)) for any point # and nonempty set S, the Hausdorff distance is
invariant under closure, that is

dH(Sl, Sg) = dH(Cl(S1), CI(SQ))
In addition, if y = proj(z, cl(Sz)) for some point = € cl(S1), then we have

(2) |z — y| < sup dist(z,S2) < du(S7,52).
2€51

2.3. Set-valued mappings. Let F': R™ = R" be a set-valued mapping, that is F'(z) C R™ for
each x € R™. We define its domain, image, and graph, respectively, as follows:
dom F = {z : F(x) # @}
im F' = {y : there exists  such that y € F(x)}
graph F' = {(z,y) : y € F(2)}.

The inverse mapping F~! : R” = R™ is defined by F~!(y) = {z:y € F(z)}.
In what follows we introduce a certain notion of continuity for set-valued mappings of a real
variable. For a more detailed/general treatment we refer to [50, Chp. 4 and 5].
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Let N7 denote the set of all subsequences of N. For a sequence of sets (S¢)¢en in R?, the outer
limit is defined as the set

limsup S = { ¢ } INeNFandg eSS VieN, st. &S ¢ }
{— 00
For a given set-valued mapping G : [0,T] = R? for some T > 0, we define
limsup G(¢) := U lim sup G(t).

t—t* to—t* L— o0

It is known from [50, p. 152] that

t—t*

limsup G(t) = { y € RY

3 (te,ye)een C [0,T] x RY satisfying y, € G(ty),
and lim (tg,y0) = (t*,y) .
L— o0

We say that G is outer semicontinuous at t* € [0,T] if

limsup G(¢t) C G(t%).
t—t*
In case G is outer semicontinuous at every t* € [0,T], we say that G is outer semicontinuous on
[0, 71.

2.4. Maximal monotone operators. Throughout the paper, we are interested in maximal
monotone set-valued mappings. A set valued-mapping F' : R™ = R" is said to be monotone
if

(1 — 22,51 —¥2) 20

for all (x;,y;) € graph(F). It is said to be mazimal monotone if no enlargement of its graph
is possible in R™ x R™ without destroying monotonicity. We refer to [9] and [50] for detailed
treatment of maximal monotone mappings.

If F is maximal monotone, then it is closed and convex-valued, that is, F'(x) is a closed convex
set for all x € dom(F'). This enables us to define the minimal section of a maximal monotone
mapping F' by

FY(z) := proj(0, F(x))

for z € dom(F). Clearly, F°(z) is the least-norm element of the closed convex set F(z), that is
|FO(z)| < |y for all y € F(x).
The resolvent Jy and Yosida approzimation F of F' are defined by

1
Jy=T+MF)"' and F)= X(I —Jy)

for A > 0 where I denotes the identity operator.
The following proposition collects some well-known facts (see e.g. [9]) that will be employed in
the sequel.

Proposition 1. Suppose that F : R™ = R™ is a mazimal monotone set-valued mapping. Then,
the following statements hold for all A > 0:

i. dom Jy, = R".

ii. Jy is single-valued and non-expansive, that is |Jx(x1) — Jx(22)] < |21 — 22| for all x1, x5 € R™.
iii. limy_o Jx(z) = x for all x € R™.

. Fy is mazimal monotone and A\~'— Lipschitzian.

v. Fx(z) € F(Jx(z)) for all z € R™.

vi. For all x € dom F, |F)\(z)| is nonincreasing in A, limy_o |Fx(z)| = |F°(z)|, and |Fy(z)| <

[FO()].

Given two maximal monotone mappings, the pseudo-distance between them, introduced in [60],
is defined as follows:
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Definition 2. The pseudo-distance between two maximal monotone mappings F; and F5 is defined
by
(y1 — y2, w2 — @1)

L+ |ya| + [y2]

diS(Fl,Fg) = sup
z1 € dom(F1),y1 € Fi(x1)
z2 € dom(Fz),y2 € Fa(x2)

The following lemma relates the Hausdorff distance between the domains of two maximal mono-
tone operators with their pseudo-distance.

Lemma 3 ([60]). For any pair of mazimal monotone mappings Fy and Fy, it holds that
dH(dOIIl(Fl), dOIIl(Fg)) < diS(Fl, FQ)

Based on the pseduo-distance defined in Definition 2, one can introduce a notion of continuity
for time-dependent maximal monotone operators as follows.

Definition 4 (Absolute continuity, [60]). Let F' : [0,7] x R™ = R™ be a time-dependent set-
valued mapping such that F'(¢,-) is maximal monotone for each t € [0, T]. We say that ¢ — F'(t, )
is absolutely continuous on [0,T) if there exists a nondecreasing absolutely continuous function
¢ : [0, T] — R such that

dis (F(t,-), F(s,")) < p(t) — p(s) Vs,twith0<s<t<T.

2.5. Function spaces. The set of absolutely continuous, integrable, and square integrable func-
tions defined from the interval [t1, to] with 1 < t5 to R™ are denoted, respectively, by AC([t1,t2], R™),
Li([t1,t2], R™), and Lo ([t1,t2], R™). Unless specified otherwise, we use the term almost everywhere
with respect to Lebesgue measure, that is, a property holds almost everywhere on a set X C R",
if it holds on every subset of X with nonzero Lebesgue measure.

Convergence of family of functions will play an important role in the sequel. For the sake of
completeness, we state the well-known (see e.g. [52]) Arzeld-Ascoli theorem for which we need
some nomenclature.

Consider a collection F of functions f : [0,7] — R™. We say that F is equicontinuous if for
every € > 0, there exists a 6 > 0 such that |f(t) — f(s)| < € for every f € F and each s, t satisfying
|t — s] < . We say that F is pointwise bounded if for every t € [0, T, there exists an M; < oo
such that |f(t)| < M; for every f € F.

Theorem 5 (Arzeld-Ascoli). Suppose that F is pointwise bounded equicontinuous collection of
functions f : [0,T] — R™. Every sequence {f,} in F has a subsequence that converges uniformly
on every compact subset of [0,T].

The following elementary results will be used later.

Lemma 6. Let z : [0,7] — R™ be a function and t* € (0,T] be such that £(t*) exists. Suppose

that {tp} and {71} are two sequences such that 0 < t, < t* < 7, < T and t, < 7 for all
o (1) =z (tk)

convergences to &(t*) on a
etk

k and limpjoo tr = limgpoo 7 = t*. Then, the sequence
subsequence.

Proof. Observe that
x(m) — :E(tk) - CL’(Tk) — :E(t*) Tk — t* + (E(t*) — x(tk) t* — tk

T — tk T — t* T — Lk t* —tg Tk—tk.
Since 0 < :’::Z <land 0 < i::ii < 1, both must converge on a (common) subsequence. The
rest follows from the hypothesis that &(t*) exists. |

Lemma 7. Suppose that a sequence of functions (ye)een weakly converges toy in La(dy, [0,T],R),
for some ¢ € AC([0,T],R). Let (x¢)ecn be a sequence of absolutely continuous functions such that
it converges uniformly to x € AC([0,T),R"), and &(t) = (t)y(t), for each t € T := {t €
[0,T]|@¢,z and t are differentiable at t}. Then, it holds that &(t) = D(t)y(t) for almost every
tel.
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Proof. Define the function ¢ : [0,7] — R” by

3) £(t) = 2(0) + / y(s)i(s) ds

for t € [0,T]. For every n € R", we have

(m, ze()) = (m, 70} + / (0, ye(5)) $(5) ds
for all / € N and t
(£ = (1, 0) + / (0, 4(s)) (s) ds.

Since (ye)een weakly converges to y, we have that ((n, ze(t)))
t € [0,7] and every € R™. This means that (Jﬁg(t))éeN
Hence, we see that £(t) = x(t) for all ¢ € [0, 7] since ()
(3) yields

ven converges to (n,£(t)) for every
converges to £(t) for every t € [0,7].

¢eN uniformly converges to x. Therefore,

o) =+ [ o)) s

In other words,

for almost all ¢t € T ]

For the next two statements, we recall that two measures are absolutely continuously equivalent
if each one is absolutely continuous with respect to the other one.

Lemma 8. Let f; : [0,7] — R be a sequence of functions with £ € N such that |fe(t)| < 1 for all
¢e N andt € [0,T]. Suppose that the sequence (f¢)een weakly converges to f in La(du,[0,T],R)
where dp is absolutely continuously equivalent to Lebesgue measure. Then,

£(t) € Niminf fo(t),limsup fo(1)]

£— 00

for almost all t € [0,T].

Proof. Let k > 1 and define g (t) := sup,s, fq(t) — fe4x(t). Note that (g§)sen weakly converges
in Lo(du, [0,T],R) to g* given by g*(t) := sup, sy, fq(t) — f(t). Since g} is nonnegative for all £ € N
and t € [0,T], g* must be nonnegative for almost all ¢ € [0, T]. This means that f(£) < sup,sy, fq(t)
for almost all ¢ € [0,T]. Hence, f(t) < limsup,_,., fe(t) for almost all ¢ € [0,7]. Applying the
same arguments to the sequence (— fy)sen, we can obtain f(¢) > liminf,, . f¢(t) for almost all
te€0,7). |

Lemma 9. Let y; : [0,T] — RY? be a sequence of functions with £ € N such that |y,(t)| < 1 for
alll € N and t € [0,T]. Also let (Sf(t))eeN be a sequence of sets in R? with £ € N and t € [0,T]
such that ye(t) € Se(t) for all ¢ € N and t € [0,T]. Suppose that (y¢)een weakly converges to y in
Lo(du, [0, T),R?) where du is absolutely continuously equivalent to Lebesque measure. Then,

y(t) e cl (conv (limsup Sg(t)))
£— o0
for almost all t € [0,T].

Proof. Let S(t) = cl (conv (limsup,_, o, Se(t) ) for t € [0, T). Tt follows from [50, Cor. 4.11] that
S(t) # @ for each t € [0,T]. Let ' = {t € [0,T] : y(¢t) ¢ S(t)}. Define the function z : [0,7] — R
by

2(t) = proj (y(1), S(t))
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for all t € T and 2(t) = 0 for all t € [0,7] \ . Note that |y(t) — z(¢)| > 0 for all t € T". Also,
we have z € Loo([0,T],R™) since S(¢) contains an element in the unit ball of R™ for all ¢ € [0, 7.
Now, define functions a : [0,7] — R™ and b: [0,T] — R by

y(t) — =(t) y(t) —=() y(@) + (1)
a(t)= =———= and b(t) = ,
Do o T o —er T 2
forallt € T and a(t) =0, b(t) = 0 for all ¢ € [0,T]\I'. For all ¢t € ', the hyperplane H, = {n :
(a(t),n) = b(t)} strictly separates the set S(t) and the point y(¢), that is

(4) {a(t),y(t)) <b(t) < (alt),2)
for all z € S(t) (see e.g. [8, Prop. 1.5.3]). Note that a € Ly ([0,7],R™), and since y €
Lo(du, [0, T],R™) and z € L ([0,T],R™), it follows that b € La(du,[0,T],R). Therefore, the
function t — (a(t),w(t)) belongs to La(du, [0,T],R) for every w € Lo(du,[0,T],R™). For each
¢ € N, define ¢, : [0,T] — R with {¢(¢) = {(a(t),ye(t)) for all t € T and (p(t) = 0 for all ¢ € [0, T|\T.
Then, we see that ({;)sen weakly converges to ¢ given by ((t) = (a(t),y(t)) for all t € T’ and
C(t)=0forallt €[0,T]\T. From Lemma 8, we see that
() ¢(t) € [liminf Co(¢), limsup C¢(¢)]

—00

{— 00

for almost all ¢ € [0, 7. Since limit inferior (superior) can be obtained as the limit of a subsequence,
(5) implies that for almost all t € T

{a(t),y(1)) € [{a(t), y(1)), (alt),7(1))]

where y(t) and 7(t) belong to S(t). Together with the second inequality in (4), this yields

(a(t),y(t)) > b(t)
for almost all ¢ € T'. In view of the first inequality in (4), this means that T" is a zero measure set.
As such, we can conclude that
y(t) € 5(t)
for almost all ¢ € [0, 7. [ ]

3. DIFFERENTIAL INCLUSIONS WITH MAXIMAL MONOTONE MAPPINGS

Our goal is to study the existence of solutions to the differential inclusion

(6) i(t) € —F(t,z(t)), =(0)==zo
where F(t,-) : R™ =2 R™ is maximal monotone for all ¢ > 0. For some T > 0, we say that

x € AC([0,T],R™) is a solution of (6) if z(t) € dom F(t ,-) and x satisfies (6) for almost all
te 0,7

3.1. Related frameworks and their limitations. Historically, the evolution inclusions given
in (6) have been a subject of research in mathematical community in different eras. However, the
solutions to such equations have been proposed under rather strict conditions. Here, we provide
a brief of list of the main results that exist concerning the existence and uniqueness of solutions
for such systems.

Single-valued operators with fixed domain [30]: The earliest results on solutions of dynamical
systems (6) with time-dependent maximal monotone relations were proposed in [30]. The author
focused on the case where F'(t,-) : R™ — R™ is single-valued and F'(-,z) is Lipschitz continuous,
uniformly in z. The major restriction imposed here is that

(7) dom F(t,-) = dom F(0,-), Vt>0

Under these conditions, there exists a Lipschitz continuous z : Ry — R™ such that (6) holds for
Lebesgue almost every ¢ > 0, and x(t) € dom F'(¢,-) for each t > 0.
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Static maximal monotone operators (4 la Brézis) with additive inputs [9]: In the classical book [9]
dealing with differential inclusions with maximal monotone operators, we can find results dealing
with inclusions of the form

i(t) € —F(t,x) = —A(z(t)) +~vz(t) — u(t)

where A is maximal monotone, v > 0 is a scalar, and u : [0, 00) — R™ is absolutely continuous. For
such systems dom F'(t,-) = dom A for each ¢ > 0, that is, the domain of the multivalued operator
is independent of time.

Dissipative operators [46]: Building up on the work of Kato [30] and Brézis [9], we find results
on evolution equations built on convergence of certain discrete approximations in [46]. When the
results appearing in this line of work are applied to the maximal monotone case given in (6),
it turns out that such results also require the strong assumption (7), where the domain of the
operator does not change with time [46, Chap. 1, Sec. 4].

Moreau’s sweeping process [40]: The first real contribution in the literature with time-dependent
domains is observed in the seminal work of [40]. The systems studied here within the umbrella of
sweeping processes comprise differential inclusions with a special conic structure. We introduce a
set-valued mapping S : R; = R", and let N (x) denote the normal cone to the set S(t) at a
point & € S(t). The proposed system class is then described as:

(8) &€ —F(t,r) == =Ny (), z(0) € S(0).

Thus, for each ¢t and =, F(t,x) is a closed convex cone described by the subdifferential of the
indicator function of S(t), and hence F'(t, ) is maximal monotone. Here, we see that dom(F(¢,-)) =
S(t) and since S is time-dependent, the domain is allowed to vary with time. To describe the
regularity imposed on F(-, z) with respect to time, we consider the Hausdorff distance, and in the
simplest instances, it is assumed that, for every ¢1,t2 > 0

du(dom F(ty,-),dom F(ta,-)) = du(S(t1), S(t2)) < L|t1 — to,

that is the Hausdorff distance between the domains of F(t,-) is bounded by a Lipschitz contin-
uous function of time. Under these assumptions, there exists a unique solution to (8) which is
Lipschitz continuous. Different variants of this framework were then derived depending on how
the Hausdorff distance varies with time, or whether we can relax the convexity assumption on
S(t) while preserving some nice properties of the subdifferential of the indicator function for that
set. In short, sweeping processes provide the first instance in the literature on inclusions with
a particular kind of maximal monotone operators which depend on time, and the corresponding
domain may vary.

Maximal monotone operators with time-dependent domain [60, 33]: As a generalization of the
sweeping process, Vladimirov [60] studied evolution inclusions where time-dependent domains were
considered, with the hypothesis that the set-valued mapping F'(¢,-) is just maximal monotone for
each t > 0, without any further structural or geometrical assumption. However, a very strong
regularity assumption was imposed with respect to the pseudo-distance given in Definition 2.
In particular, the mapping F'(t,) is required to be uniformly continuous, that is, there exists a
sequence of piecewise constant operators F; : [0, 7] x R™ = R™ such that for each ¢ € [0, T

lim dis (F;(¢,-), F(t,-)) = 0.
1— 00

Kunze and Monteiro-Marques [33] then generalized this line of work to consider systems where the
regularity with respect to time can be relaxed, so that the pseudo-distance between F'(¢1,-) and
F(ta,-) is bounded by |u(t1) — u(t2)| for some function of bounded variation p : [0, 7] — R. Certain
results developed in the context of sweeping processes are thus covered within this framework. The
work started by Vladimirov, and later generalized to some extent by Kunze and Monteiro-Marques,
indeed is an attempt to deal with differential inclusions with most general time-dependent maximal
monotone operators. However, they impose very strong assumptions in deriving their results which
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make their applicability somewhat restrictive. Indeed, as we show in the next section, strong
continuity assumption is not necessary.

3.2. Motivation. A primary motivation for looking at inclusions of type (6) comes from differen-
tial equations where certain variables are related by a maximal monotone operator. In particular,
consider systems described by

IS
—~
~+
~
I

Ax(t) + Bz(t)
Cz(t) + Dz(t) + v(t)
w(t) € M( = z(t))
where z € R", (z,w) € R™ x R™, v € R™, the matrices (4, B, C, D) have appropriate dimensions

and M : R™ = R™ is a maximal monotone operator.
Systems of the form (9) can be alternatively described by (6) where

g
—

~
=

I

(10) F(t,z) = —Az + B(M + D)™ (Cz + v(t)).

By invoking [19, Theorem 2], one can show that F'(¢,-) is maximal monotone for each ¢t € Ry
under certain assumptions. Regularity with respect to time is critical here. In the works of
[60, 33], existence and uniqueness of solutions to (6) is established under the assumption of absolute
continuity in the sense of Definition 4. However, the mapping ¢t — F(¢,-) defined by (10) does
not, in general, enjoy absolute continuity with respect to pseudo-distance even if v is absolutely
continuous. This is seen in the following example.

Example 10. Consider a system of the form (9) where n =1, m = 2,

0 1
A=0,B=C"=]0 1],D:[_1 0],

and M : R? = R? is the set-valued mapping given by M(¢) = {n:n >0, ( <0, and (n,¢) = 0}.
By invoking [19, Theorem 2], it can be verified that the corresponding set-valued mapping F'(t, -)
as defined in (10) is maximal monotone for each ¢. Let v : [0, 7] — R? be an absolutely continuous
function such that for some ¢y, 2 € [0,7], we have

0 -1
v(t1) = [O} and v(tg) = [ 0 ] .
Let F; := F(t;,-) with ¢ = 1,2. It can be verified that
0€ Fi(p+1) and 1€ F5(0)

for any p > 0. From Definition 2, we get

- - 1
dis(Fy, Fa) = sup <f y, 2 —§) > p—;—
x € dom(F1),y € Fi(x), + |y|+|C|

§ € dom(F2), ¢ € F2(§)

Since the righthand side is not bounded, we can conclude that set-valued mapping F(t,-) is not
absolutely continuous in the sense of Definition 4. However, existence and uniqueness of solutions
for this example would follow from our main results. Indeed, this example satisfies the hypothesis
of Theorem 22.

4. MAIN RESULTS

The main goal of this paper is to investigate conditions (weaker than those of [60, 33]) that
guarantee existence of solutions to (6). The uniqueness of solution for a fixed initial condition
follows easily from the maximal monotone property of the right-hand side of (6).
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4.1. Existence and uniqueness of solutions to (6). To state the main result of our paper, we
introduce the following assumptions, where T > 0 is considered fixed in the sequel.

(A1) For each t € [0,T], the operator F(t,-) is maximal monotone.

(A2) There exists a nondecreasing function ¢ € AC(]0,T],R) such that

sup  dist (z,dom F(t,-)) < o(t) — ¢(s), Vs,twith0<s<t<T.
z€dom F(s,-)

(A3) For every positive number 7, there exists o, € L1([0,T],R) such that
[FO(t, )] < o (8)(1 + |a])
for all' x € B"(r) Ndom F(t,-) with t € [0, T].
(A4) The set-valued mapping ¢ — graph F(¢,-) is outer semicontinuous on [0, T1.
The result on existence and uniqueness of solutions now follows.

Theorem 11. Consider the system (6) and assume that (A1)-(A4) hold. For every zo € cl (dom F(0,-)),
there exists a unique solution x € AC([0,T],R™) of (6).

4.2. Relevance of Theorem 11. In what follows we will show how the results of [33] as well as
the results on sweeping processes can be recovered from Theorem 11.

4.2.1. Recovering the results of [33]. As recalled in Sect. 3.1, the results in [33] imposed continuity
with respect to the pseudo-distance introduced in Definition 2. We claim that if the mapping t —
F(t,-) : R™ = R"™ is absolutely continuous on [0, T] then the set-valued mapping ¢ — graph F'(t, -)
is outer semicontinuous on [0,T]. To see this, let (t7, ¢, ye)een C [0,7] x R™ x R™ be a sequence
such that y, € F(t¢, z¢) and limgyoo (te, 2o, ye) = (¢, 2, y) for some t € [0,T], z,y € R™. What needs
to be proven is that y € F(t,x). To see this, let (n,¢) € R"*" be such that ¢ € F(t,n). From
absolute continuity of ¢t — F(t,-), we have

(€ —yeswe —m) < (r(t) —7(te)) (L + IC] + [wel)-
By letting ¢ tend to infinity, we obtain

(C=yz—n)<0
since r is continuous. This means that y € F(¢t,x) as F(¢,-) is maximal monotone. Another
hypothesis required by the results of [33] is a linear growth condition that coincides with (A3).

4.2.2. Recovering the special of sweeping processes. Sweeping process is a special case of (6), where
F(t,z) = Ng(x), with S : [0,T] = R" being a closed convex-valued mapping. The normal cone
operator is by definition maximal monotone for each ¢t € [0,7]. Moreover, in this particular case,
assumption (A3) is trivially satisfied since Ngq(x) is a cone and thus 0 € Ng)(z), for each
t € [0,T] and 2 € dom Ng)(-) = S(t). It can also be checked that assumption (A2) implies (A4);
Indeed, it follows from [60, Lemma 3.5] that

du(S(t),5(s)) = dis(Ns() (), Ns(s) (+))-

Thus, (A2) imposes continuity with respect to the metric dis(:,-), and based on the reasoning in
Section 4.2.1, we have the desired claim.

5. PROOF OF THEOREM 11

Proof. We are basically concerned with the existence of the solution in this proof, as the unique-
ness readily follows from assumption (A1l). The proof of existence is based on constructing a
sequence of approximate solutions and showing that this sequence converges to a function which
satisfies the differential inclusion (6). This is formally done in following main steps:

Discretizing (6)

Obtaining bounds on discrete values

Construction of a sequence of approximate solutions
Studying the limit of the sequence

Here, B"(r) denotes the closed ball of radius r in R™, that is B™(r) := {z € R : |z| < r}.
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Each of these steps is carried out as a subsection in the sequel, and it is shown that the limit we
thus obtain is indeed a solution to (6).
5.1. Discretization of (6). We first begin with discretizing (6). Let
A={to,t1,...,txk:0=tg <t1 < -+ <t <tpy1 < - <tg =T}
be a partition of the interval [0, 7]. Define
0< hy =t —tp—1

for k € {1,2,...,K}. Note that Zszl hi = T. We define the size of the partition A by K(A)
and the granularity by |A| = maxgeqi2,... k) hi. For simplicity, we write K = K(A) when A is
clear from the context.

Next, consider the discretization of (6) based on the partition A given by

(11) Th+1 — Th
Pkt
for k € {0,1,..., K — 1}. Alternatively, we have

€ —F(try1, Trr1)

—1
(12) Tht1 = (I + hk+1F(tk+1, )) (Ik)

This resolvent based alternative form, together with assumption (Al) and Proposition 1, guaran-
tees that the discretization (11) is well-defined in the sense that there exist xg, x1, ..., zx satisfying

(11) (and hence (12)). If dom(F'(¢,-)) is closed for each ¢ > 0, then it follows from (12) that x4
is a projection of z, on the set dom(F (tx11,-)); Put simply, in case the domain of the multivalued
function F'(¢,-) is closed, the sequence of points xj, is obtained by applying the proximal operator
[45] associated with the indicator function of the domain of F'(¢,-). We will use a certain interpo-
lation between the points x to get an approximate solution for the differential inclusion (6).

5.2. Bounds on zj; values. We aim at establishing bounds on zj that are independent of the
underlying partition A. As we will use these bounds later on also for extending the results of
Theorem 11, we keep the analysis a bit more general than the proof of Theorem 11 requires.

Let ¢ satisfy (A2) and let « be such that

(13) a=lzol +¢(T) —p(0) and r, > a.

Since zy € cl(dom F(0,-)) N B"(a), we have B"(rq) N dom F(0,-) # @. Then, there exists
or, € L1([0,T],Ry) satistying (A3). Let 3, 7, and r, be such that

T

(14) B=a+e(T)—¢0 )+(1+a)/0 o (s)ds
(15) vy=p+o(T)—e0) and 7y >7.

Since zo € cl (dom F(0,-)) NB"(a) and 7, > v > «, we have B"(r,) N dom F(0,-) # @. Then,
there exists o, € Li([0,T], R ) satisfying (A3). Define ¢ : [0,T] — R, by

(16) w(t) ::t+2<p(t)+(1+7)/0 o, (s)ds Vte[0,T].

With the help of these definitions, we provide uniform bounds on x; values in the following lemma.
These bounds are required for invoking the convergence theorems.

Lemma 12. For any partition A, we have
(17) |k < B
(18) |z — zp—1] < Y(tk) — Y (tk-1)

for each k € {1,2,...,K}.
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Proof. To obtain the bounds given in (17) and (18), we start by analyzing the sequence (12) for
a fixed partition and introduce some simplified notation for the corresponding operators:

_ 1
(19) Fy = F(ty,”), Jy:=(I+hF)"", and Yy:= (L= Ji).
k

It then follows from (12) that
Tp+1 € dom Fiqq
(20) Tr1 = Jry1(wr)
for all k € {0,1,..., K — 1}, where we recall that K is the size of the chosen partition.
To establish (17), we first introduce auxiliary points Zj given by Ty = x and
Tki1 := Proj (E;k, cl(dom Fk+1))
for k € {0,1,..., K — 1}. Clearly, we have

(21) Ty, € cl(dom Fy,)

for all k € {0,1,..., K}. Then, it follows from assumption (A2) and (2) that
(22) Tk — T—1] < @(te) — p(tr—1)

for all k € {1,2,..., K}. We thus obtain, for each k € {1,2,..., K},

(23a) |Zk| < [Ze—1] + [Tk — Zo—a| < [Zp—1] + o(tr) — (tr-1)
(23h) < |Zol + @(te) — o(to)

(23¢) < [Zo| + ¢(T') — ¢(0)

where (23b) follows from the repeated application of (23a), and (23c) uses the fact that ¢ is
nondecreasing. An immediate consequence of (23c) is that

(24) |.fk| <«

for each k € {0,1,..., K} where « satisfies (13).
The bounds given in (17) and (18) are now obtained from Assumption (A3). From (21), we
have that, for every € > 0 and each k € {1,2,..., K}, there exists a point 7, satisfying

(25) z7, € dom Fy,
|7 — Tkl <e,

and therefore

(26) 75 S a+te

forallk € {0,1,..., K} in view of (24) and the triangle inequality. Next, we introduce the sequence
of points ¥; based on Zj, by

(27) Ui = Ju(7})
for all k € {0,1,..., K}. Note that

T}, — Yi .
=Y. (z%).
" k(71
Now, it follows from (25) and Proposition 1 that
Ty — Uk
hi
To obtain a bound on the right-hand side of (28), we employ assumption (A3). Let r, be as in
(13). Without loss of generality, assume that o, is a constant function?®.
By using assumption (A3) and (26), we get

(29) |75, = Gkl < hwor, (1+a+¢)

(28) < |FR(@5))-

2For the general case, when o, is locally integrable, one has to work with piecewise constant approximations
of or, and sufficiently finer partitions (with |A| sufficiently small) to make use of [36, Lemma 3.3.1], see also
Remark 13.
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forall k € {0,1,..., K} and € with 0 < € < ro —a. In view of (20) and (27), Proposition 1 implies
that

(30) |2k — Uil < [op—1 — 5.
Hence, using (29) and (30), we obtain
(31) o — 3] < Jok — G2l + 155 — 5] < Jopr — 7]+ haor, (1 +a+ 2)
for all k € {1,2,..., K} and ¢ with 0 < ¢ < r, — . Letting ¢ tend to zero in (31) results in
|z, — 2| < k-1 — T| + hpor, (1 + @)
for all k € {1,2,..., K}. Therefore, we have
|t — Ti| < |Th—1 — Ti| + hior, (1 + @)

< |@h—1 — Tp—1| + [To—1 — Ti| + hior, (1 + @)

(22)
< zp—1 — Tr—1| +o(tr) — o(tr-1) + hgor, (1 + )

k
< Jzo = Zo| + @ (tr) = 9(0) + (Y hi)or, (1+ )
(=1

(32) < @(T) = ¢(0) + Tor, (1 + a).
for all k € {1,2,..., K}. Since the constant o, is finite, we can conclude from (24) and (32) that
(33) |lze| < B

for all k € {1,2,..., K} where j3 satisfies (14). This establishes (17).
Next, we proceed to establish (18) using the bound in assumption (A3) and (17). To this end,
we continue using the notation introduced in (19), and introduce a sequence of auxiliary points &

&g := proj (xk,l, cl(doka))
for all k € {1,2,..., K}. Clearly, we have

&, € cl(dom Fy,)
for all k € {1,2,..., K}. Therefore, for all ¢ > 0 there exist points £ satisfying

(34a) &L € dom Fy,

(34b) |6k — &l < e

It follows from (2) and assumption (A2) that

(35) lzk—1 — &kl < @(tk) — @(tr-1)

for all k € {1,2,..., K}. In view of (33) and the fact that ¢ is nondecreasing, this means that
€kl < B+ @(T) = ¢(0)

for all k € {1,2,..., K}. As such, we have
(36) &kl <7v+e
for all k € {1,2,..., K} where v satisfies (15). Now, define

G = Ju(&)
for all k € {1,2,..., K}. Note that

ok — wp—1| < e — Gl + G0 — &Rl + 65 — w1

(37) < 20& — ze—1] + G — &

where we used the fact that |z — (i| < |vr—1 — ;| due to the resolvent being nonexpansive.
Let 7, be as in (15). Without loss of generality, assume that o, is a constant function®. Since

3For the general case, see Remark 13.
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& € dom Fy, due to (34a), we can invoke the bound on the least norm element of F(ty,£5) in
assumption (A3) to obtain

e _ e (36)
Stk V(e = 16— Gl < eI F(0 €D < B, (147 +2)

for all k € {1,..., K} and € with 0 < e < r, — . Together with (34b) and (35), (37) leads to

|2k — p—1] < 2(0(te) — @(tk-1)) + hior, (1 +7)
by taking the limit as € tends to zero. This establishes the bound given in (18). n

Remark 13. In the proof of Lemma 12, when invoking assumption (A3), we only worked with a
constant function o, to obtain the bounds (17) and (18). This could also be done when o, is
assumed to be integrable by using the result from [36, Lemma 3.3.1]. To implement this result,
one must choose the partitions A carefully, and work with a piecewise constant approximation
(in Ly-norm) of the function o, . This changes the method in which the bound (17) and (18) is
computed. Otherwise, the rest of the proof remains the same.

5.3. Construction of a sequence of approximate solutions. Based on the zj values, we
construct a sequence of absolutely continuous (in time) functions which approximate the actual
solution of the system. To this end, note that the function ¢ defined above is strictly increasing
and absolutely continuous. Now, define the piecewise continuous function xa as

Y(trr1) — (1) Y(t) —P(tr)

38 za(t) = Tr + Tk

(38) () U(tes1) — Y(tr) Ulterr) —p(te)

where t € [tg, tg+1] and k € {0,1,..., K — 1}. By definition, z is a continuous function and
(39) xA(tk) = T

for all k € {0,1,..., K}. We will show that

x(t) == liigo za(t)

is the desired solution to the inclusion (6). An important intermediate step in studying the
convergence of the sequence xa is to obtain the following uniform bound.

Lemma 14. Let 7 and T be such that 0 < 7 <7 < T. For any partition A, it holds that
(40) [za(T) —za(D)] < ©(T) — ¥(T).

Proof. From the definition of A (38) for a fixed partition A, there exist integers ¢ and r with
g+1<rsuchthat t; <7 <tgq1and t,—1 <7 <t If ¢+ 1 =17, then we have

za(7) — za(0)] < |M<xq+l )l from (38)
W(T) —Y(T)

S Wtrs) - 0lty) (W(tgr1) — (ty)) from (39)

<Y(T) —¥(2).
In a similar fashion, if ¢ +1 < r then we have

wa(®) —2a(@)] < lwalte) —za@®l+ Y lzaltin) —zalt)] +|ea(r) — za(ter))|
q+1<i<r—2

_ @) = ¥ltr-1) Ty —T alting) — oAt Pllgr1) = P(x) Tt —
= W) — vl T71|+q+1§'<r_2| altivn) —ealt)l + =5 a S Far — 24l

VE) = Oteo) + Y (Bltip1) — U(t) +Ptgr1) — b(r) = ¢(F) — (7).

q+1<i<r—2

Hence, (40) is established. |

N
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5.4. Limit of the sequence. The bounds established in the previous section allow us to study
the limiting behaviour of the sequence (za,)een-

Lemma 15. Consider a sequence of partitions (Ag)een with |Ay¢| — 0 as £ tends to infinity. The
sequence (Ta,)eeN 1S equicontinuous.

Proof. Note first that ¢ introduced in (16) is uniformly continuous on the compact interval [0, 7]
as it is absolutely continuous on the same interval. Therefore, for any € > 0 there exists a positive
number § > 0 such that

(7)) —o(n) <e
for all 7,7 € [0,7] such that |7 — 7| < §. In view of (40), we have

|xAz(?) —TA, (I)l <ée

for all £ € N and 7,7 € [0,7] such that |7 — 7| < §. Consequently, the sequence (za,)een is
equicontinuous. ]

Let (Ag)een be a sequence of partitions with |[Ay] — 0 as £ tends to infinity. Since the sequence
(xa,)een is also uniformly bounded in view of Lemma 12, Theorem 5 (Arzeld-Ascoli theorem)
implies that it converges uniformly to a continuous function x on a subsequence, say N € N#.
We claim that z is absolutely continuous. To see this, let 7,7 € [0,T] with = < 7 and note that

2(7) = 2(0)] < [2(T) —2a, ()] + [2a,(T) = 2a,(D)| + |24, () — 2(7)]
(7) = za,(T)| + ¥(7) = ¥(7) + |24, () — (7))
(41) ¥(7) —¥(7)
where the first inequality follows from the triangle inequality, the second from (40), and the third
by taking the limit on the convergent subsequence N. Thus, absolute continuity of x follows from
absolute continuity of the function .
Now, we want to show that x is a solution of (6), that is
(42) z(t) € dom F(t,-) and @(t) € —F(t,x(t))

for almost all ¢ € [0, T].

Let I' C [0,7] be defined by I' = {t € (0,7) : ¢ and =z are both differentiable at ¢ and ¢ ¢
UrenAy}. Since ¢ and x are both absolutely continuous and Uge yA is countable, it is enough
to show (42) for almost all ¢t € T

For a partition A, define

<
<

Tk+1 — Tk
yalt) = 7~
a®) Y(tit1) — Y (tk)
for ¢t € (tg,tr+1) and ya(tg) =0 for tx € A.

From (38), we see that

i, (t) = W)m )

forall t € I.

In view of (38) and Lemma 14, we see that |ya,|r.. < 1 for all £. Therefore, the sequence
(ya,)een is contained in the closed ball with radius 1/1(T") — 1(0) of the Hilbert space Lo (di, [0, T], R™).
As such, there exists a subsequence N’ of N such that (ya,)een’ converges to y weakly in
Lo(di, [0,T),R™). It then follows from Lemma 7 that

(43) o(t) = v(t)y(t)
for almost all t € T'.

Now, let t* € T". Then, for every ¢ € N, there must exist ky € {1,2,..., K(Ay)} with the
property that ty, < t* < tg,+1. Note that limpjeo tr, = limggeo th,41 = ¢* since |Ay| converges to
zero as £ tends to infinity. By construction, we have

T — X
thyt+1 th, ) c graph F(tkwrh )

Tt —
(o o1 — Uk,
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Equivalently, we have

4 (a, (trer1), _ P(err) = ¥t

Up1 — L,

ym(t)) € graph F(tg,+1,)-

* t —t * *
Let Sp(t*) := —mF(tthxm(tk[H)). From (44), we have that y,(t*) € Sp(t*).

We now invoke Lemma 9 and observe that y(t*) € cl(conv (limsup,_,., Se(t*))). Due to the
outer-semicontinuity assumption, we have limsup,_, o F(tx,+1,2a,(tr,+1)) C F(t*,2(t*)). The
set F(t*,z(t*)) is closed and convex because of the maximal monotonicity property, and hence

* -1 * *
Mﬂea@gﬁ7ﬂﬂl

Since 9 (t*) > 1, we get
sy (43) 5k * * *
i) 2 )y () € ~F (", x(t)
for each t* € T. | |

6. EXTENSIONS

In this section, we extend the results of Theorem 11. First, we consider non-autonomous
differential inclusions of the form

(45) i(t) € —F(t,z(t)) +u(t), x(0) =g

where F'(t,-) : R” = R™ is maximal monotone for all t > 0 and v € L;([0, T],R™). We begin with
the following observation.

Lemma 16. Consider the system (45). Let uw € L1([0,T],R™) and G be the set-valued mapping
defined by G(t,€) == F(t,& + fot u(7)dr). Then, the differential inclusion (45) admits a solution
x if and only if the differential inclusion

£(h) € ~G(t.6(1),  £(0) =g
admits a solution .

Proof. For the ‘only if’ part, suppose that z is a solution of (45). Define

for all ¢ > 0. Note that £(0) = z¢ and

ﬂﬂzi@}—ﬁﬂe—F@x@):—F@f@%ﬁéu@ﬁh)z—G@{@)

The ‘if” part follows reversing the arguments. |

Theorem 17. Suppose that w € L1([0, T],R™) and F(t,-) satisfies assumptions (A1)-(A4). For
every xg € cl (dom F(0,-)), there exists a unique solution v € AC([0,T],R™) of (45).

Proof. In view of Lemma 16 and Theorem 11, it is enough to show that the time-dependent
set-valued map G defined by G(t,x) = F(t,z + ®(t)) with ®(t) = [; u(7) dr satisfies assumptions
(A1)—(A4).

(Al): Since maximal monotonicity is preserved under translations (see e.g. [50, Thm. 12.43]),
G satisfies assumption (A1) whenever F' satisfies it.

(A2): Note that dom G(t,-) = dom F'(¢,-) — ®(¢) for all t € [0,T]. Therefore, we have

sup  dist (2, dom G(¢,)) = sup dist (z + ®(t),dom F'(¢,-))
z€dom G(s,) z+®(s)edom F(s,)

< @(t) = p(s) +|2(t) — @(s)]
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for all s, t with 0 < s < ¢ < T since F satisfies assumption (A2). Note that

p(t) — p(s) +|2(t) — 2(s)| < @(t) — p(s)
for all s, t with 0 < s <t < T where

t
(46) p(t) = o(®)+ [ Julr)lar.
0
Therefore, G satisfies assumption (A2).

(A3): Let r be a positive number such that B"(r) Ndom G(t*,-) # & for some t* € [0,T]. Note
that

GO (t,2)| = [FO(t, 2 + ®(1))]
for all € B"(r) Ndom G(¢,-) with ¢ € [0,T]. Let ®* = maxe[o,7) |®(¢)| and ® > ®*. Note that
B"(r + ®) Ndom F(t*,) # @. Then, we have
(47) GO(t,2)| = [FO(t,a + (1) < 0y a(t) (1 + |2 + (1))
for all x € B"(r) Ndom G(t,-) with t € [0,T] since F satisfies assumption (A3). Note that
0rya()(1+ |2+ @(1)]) < 0,5 (8) (1 + [R(B)]) (1 + []).
Together with (47), this results in

GO(t )] < 0y 0 (8) (1 + [ R(H)]) (1 + [2])

for all ¢ € [0, 7] and for all 2 € B"(r+®)Ndom G(t, -). Since the function ¢ — o, 5(t) is integrable

and t — 14 |®(t)] is continuous, their product is integrable. Consequently, G satisfies assumption
(A3).

(A4): Note that graph G(¢,-) = graph F'(t,-) — {®(¢)} x {0}. Since the set-valued mapping
t — graph F'(t, ) is outer semicontinuous on [0, 7] by assumption and ® is absolutely continuous,
t — graph G(t, -) is outer semicontinuous on [0, 7. |

Now, we turn our attention to differential inclusions of the form
(48) i(t) € —F(t,z(t)) + f(z(t)) +u(t), =(0)=zg

where F(t,-) : R™ = R" is maximal monotone for all ¢ > 0, f : R®™ — R" is a function and
u € Li([0,T],R™). Based on Theorem 17, we present the following existence and uniqueness
result.

Theorem 18. Suppose that u € L1([0,T],R™), f: R™ — R"™ is a Lipschitz continuous function,
and F(t,-) satisfies assumptions (A1)-(A4). For every o € cl (dom F(0,-)), there exists a unique
solution x € AC([0,T],R™) of (48).

Proof. Let zg € cl (dom F(0,-)) and let zo(t) = xo for all ¢ € [0,T]. It follows from Theorem 17
that for each integer ¢ with ¢ > 1 there exists a unique absolutely continuous function xs1 :
[0,T] — R™ such that z,41(0) = o, z¢41(t) € dom F(¢,-) and the differential inclusion

Goy1(t) € —F(t, wer1(t)) + f(2e(t)) + u(t)

holds for almost all ¢ € [0,7]. In the rest of the proof, we will construct a solution of (48)
by showing that the sequence {x¢(7)}sen is a Cauchy sequence that converges to an absolutely
continuous function which satisfies (48).

Step 1: The sequence {x¢(7)}sen is Cauchy. By using (A1) and Lipschitzness of f, we see that

1i(lfwﬂ(lf) = ag(t)*) = (Fes1(t) — e(t), w1 () — we(t))

2dt
< alwg(t) = -1 (8)] [wer1 () — 2(1)]
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for almost all ¢ € [0,T] where « is the Lipschitz constant of f. By integrating both sides from 0
to 7 € [0,T], we obtain
1 T
gleen (r) = @) < / afze(s) — we-1(s)] |zes1(s) — ze(s)| ds.
0

Application of [9, Lemma A.5, p. 157] results in

foesa(r) — () < [ alonls) = e ()] ds
0
for all 7 € [0,T]. Hence, we get

T £
(49) e () — ()] < )

for all 7 € [0,T] where | - |, denotes the sup norm. Consequently, (z¢)scn converges uniformly
on [0,7] to a function x.

Step 2: The function x belongs to AC([0,T],R™). For the moment, suppose that there exist an
integer L and a nondecreasing function 1 : AC ([0,T],R) such that

(50) |20(T) — 2o(7)| < P(F) — b(z)

for all ¢ > L and for all 7,7 with 0 < 7 < 7 < T. This would mean that we have

\1’1 —lio\Lx

|2(7) — 2(0)| < |2(7) — 2e()] + |2e(F) — ze(z)| + Jze(z) — 2(1))|
< |2(7) — ()| + % (7) — d(T) + |ae(z) — (1)
< O(7) — ¥(z)

for all 7,7 with 0 < 7 < 7 < T where the first inequality follows from the triangle inequality,
the second from (50) for all £ > L, and the third by taking the limit as ¢ tends to infinity. Thus,
absolute continuity of = follows from absolute continuity of the function 12

To prove (50), we first observe that the triangle inequality and (49) result in

|2e(T)] < J2e(r) — 2e1(7)] + |22 (7))

-1
< Z |Zi41(T) — 24(7)| + |21 (7)]

S (e =D A la(n)] <Gy

for some C; > 0, and each ¢ > 1, 7 € [0, T]. Hence, in particular, |x,(-)| is uniformly bounded for
each ¢ > 1. Similar to function P in (46), let us introduce the function ¢, as,

pelt) = olt) + / F@er (7)) + fu(r)| dr

so that, the Lipschitz continuity of f, |f(2)| < |f(0)] + Ly|z|, yields

e(7) — pu(r) < Ly /Tm_lmwdw|f<0>\<ﬂz>+/T\u<T>|dv

< L+ ONT-) + [ " Ju(r)| dr.

By introducing the function ¢y, similar to (16), as

blt) =t+2w(t)+(1+7)/0 o (s)ds Vi€ 0,T],

and by letting g(s) := s + (L +7) [y or, (T) d7 + 2 [ |u(7)| dT, we get

Yo(T) = (1) =T — 7+ 200(T) — 2¢¢(7) + (1 +7) /T o, (T)dr

< g(F) — g(r) + 2(L;Cy + [ f(O)) (7 — 7).
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It follows from (41) that |x¢(T) — z¢(7)| < ¥e(T) — ¥e(7). Thus we get
|e(T) — 2e(z)| < 9(T) = 9(z) + 2 L;CL(T — 1)

for each ¢ > 1, and hence (50) follows with 1(s) := g(s) + 2 L;Cys, which is clearly an absolutely
continuous function.

Step 3: The function x satisfies (48). In view of Lemma 16, x, is a solution to the differential
inclusion

To(t) € G@(t ;Cg(t)) xe(O) =

for all £ > 1 where Gy(t,§) = F(t,& + ®(t)) with ®y(t) = fo (2¢-1(7)) + u(r)dr. Since
graph G(t,-) = graph F'(t,-) — {®,(t)} x {0}.
Let us introduce the sequence yy : ‘if; so that

wo(t) = D(Oye(t) € —F(t,3(1) + fe(t)) + u(b).

Because of the bound (50), |y¢|r~ < 1, and there exists a subsequence N such that (ys)een
converges to y weakly in Lo(di, [0, T],R™). It then follows from Lemma 7 that

() = P(t)y(t)
for almost all t € T':= {t € [0,T] | z¢,¢ > L,x, and ¢ are differentiable at ¢}.
Let t* € T'. By construction, we have

(z(t"), —2¢(t*)) € graph G (t*, z4(t"))

or equivalently,
(wet), —zZ(t*)ye(t*)) € graph Go(t", w((t")).
Gg( ,xo(t*)). Using Lemma 9 with Sy(t) =

In other words, y,(t*) belongs to the convex set

%Ge(t,l’[(t)), and recalling that |1Z(t)| > 1 for each t € [0,T], we see that

i@ﬂzz@@ﬂﬂﬁ)ed(amv<%§gpSAf0>(I—G@ﬂxﬁﬂ)

and the same holds for almost every t* € [0,T]. |

7. LINEAR SYSTEMS AND MAXIMAL MONOTONE RELATIONS

A particularly interesting class of time-dependent maximal monotone mappings arises from the
interconnection of linear passive systems with maximal monotone relations. To formalize this class
of systems, consider the linear system

(51a) #(t) = Ax(t) + Bz(t) + u(t)
(51b) w(t) = Cx(t) + Dz(t) + v(t)

where z € R" is the state, u € R" and v € R™ are external inputs, and (z,w) € R™*™ are the
external variables that satisfy

(51c) (= z(t),w(t)) € graph(M)

for some set-valued map M : R™ = R™.
By solving z from the relations (51b), (51c), and substituting in (51a), we obtain the differential
inclusion

(52) i(t) € —H(t,z(t)) +u(t)
where

(53) H(t,z) = —Az + B(M + D)~' (Cz + v(t))
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and

dom H(t,-) = C~'(im(M + D) — v(t)).

The rest of this section is devoted to developing conditions under which the time-dependent
set-valued mapping H (t,-) satisfies the hypotheses of Theorem 11. To establish such conditions,
we first introduce passivity of a linear system.

A linear system (A, B,C, D)

z(t) = Ax(t) + Bz(t)
w(t) = Cx(t) + D=z(t)

is said to be passive, if there exists a nonnegative-valued storage function V : R™ — R such that
the so-called dissipation inequality

ta
V(z(t1)) —|—/ 2T (T)w(r) dr < V(z(ty))
ty
holds for all ¢1,t2 with ¢; < ¢2 and for all trajectories (z, z,w) € La([t1, t2], R™) x AC([t1, t2], R™) x
Lo ([t1,t2], R™) of the system (54).
The classical Kalman-Yakubovich-Popov lemma states that the system (54) is passive if, and
only if, the linear matrix inequalities

ATK + KA KB-C7T

_ T

(55) K=K >0 [BTKC ~(0"+ )| S

admits a solution K. Moreover, V(z) = %I'TK x defines a storage function in case K is a solution

the linear matrix inequalities (55).
In the following proposition, we summarize some of the consequences of passivity that will be
used later.

Proposition 19 ([17, Lem. 1)). IfX(A, B, C, D) is passive with the storage function x — %xTKx
then the following statements hold:

i. D is positive semi-definite.

ii. (KB — CT)ker(D + DT) = {0}.

The following theorem states conditions that guarantee the hypotheses of Theorem 17 for the

time-dependent set-valued mapping H as defined in (53).

Theorem 20. Let T > 0. Suppose that

i. (A, B,C, D) is passive with the storage function x — %wa,

1. M is mazximal monotone,
iti. for all t € [0,T], we have' im C Nri (im(M + D) — v(t)) # @,

iv. v is bounded on [0,T],

v. there exists an absolutely continuous nondecreasing function 6 : [0, T] — R such that

sup dist (w,imC’ N (im(M + D) — ’U(t))) <0(t) —0(s)
weim CN(im(M+D)—wv(s))

forall s,t with0 <s<t<T.
vi. For every positive number p such that B™(p) N dom(M + D)~! # @, there exists a positive
number o, such that
—1\0
[B(M+D)™") " (n)| < ap(1+ [n])

for all n € B™(p) Ndom (M + D)~ 1.
Then, H satisfies assumptions (A1)-(A4).

“Here, ri(S) denotes the relative interior of S.
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Proof. For brevity, we define W (t) := im(M+ D) —uv(t) for all t € [0, T]. Note that dom H(¢,-) =
C~'W(¢) for all t € [0, T).

(A1): Tt follows from [19, Thm. 2] that the conditions (i.)-(iii.) imply that H(t,-) is a maximal
monotone mapping for all ¢ € [0,T]. As such, H satisfies assumption (Al).

(A2): Let t and s be such that 0 < s < t < T. Also, let x € C71W(s) and let y =
proj (x, C_IW(t)). Further, let { = proj (Cm,imC N W(t)) Therefore, there exists £ such that
¢ = C¢. Without loss of generality, we can assume that z — ¢ € im C7 since R” = im CT @ ker C.
Now, we see that Cz € imC' N W (s) and ¢ = C¢ € ¢l (imC NW(t)). From (v.), we get

Cr — CE| < 0(t) — 0(s).
Since  — € € im C7T, there exists a positive number « such that
|z — & < a(0(t) — 6(s)).
Since ¢ € C~'W (t), we obtain
o =yl < |z — €] < a(0(t) — 6(s)).
Therefore, we see that
dist (z, C7'W (1)) < a(6(t) — 0(s)).
This implies that

sup  dist (z, CT'W(t)) < a(0(t) — 0(s)).
zeC—1W(s)

Since dom H (t,-) = C~1W(t), we can conclude that H satisfies assumption (A2).

(A3): Let r be a positive number such that B"(r) N dom H (t*,) # @ for some ¢* € [0,T]. Let
={te0,7]:B"(r)Ndom H(t, ) # @}. If I' = &, then H satisfies (A3) trivially. Suppose that
I # & so that
(56) (CB™(r) +v(t)) N (W(t) +v(t)) # @

for all t € T. Since v is bounded on [0,T] due to the hypothesis (iv.), we can find a positive
number p such that

(57) CB"(r) + v(t) € B"(p)

for all t € T. Tt follows from (56) that B™(p) N dom(M + D)=t # & since W(t) + v(t) =
im(M + D) = dom(M + D)~'. From (vi.), we know that there exists a positive number a, such
that

(58) IB(M + D)™’ ()] < a, (1 + [n])

for all n € B™(p) Ndom (M + D)~t. Let z € B"(r) N dom H(t,-) for some ¢t € [0,7]. Since
Az — Bz° € H(t,x) where 2° € (M + D)™1)°(Cx + v(t)), we have

(59) |HO(t,2)| < |Az — B2°| < |Az| + |B2°|.

Since t € T and = € B"(r)Ndom H (¢, -), we see from (57) that Cz+v(t) € B™(p)Ndom(M+ D)~ 1.
Then, it follows from (58), (59), and boundedness of v that

[HO(t,2)| < |Az| + ap(1 + |Cz + v(t)]) < B+ [z])
for some positive number § that does not depend on ¢t. Therefore, we have
|HO(t,2)] < B(1 + |])
for all z € B™(p) Ndom H (t,-) with ¢t € [0,7]. In other words, H satisfies assumption (A3).
(Ad): Let (tg,xe,ye)een C [0,7] x R™ x R™ be a sequence such that y, € H(ty, z¢) and

limeroo (te, e, ye) = (¢, 2,y) for some ¢ € [0,T], z,y € R*. What needs to be proven is that
y € H(t,x).
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Note that for each ¢ there exists z, € (M + D)fl(C’xg + ’U(t[)) such that y, = —Axy + Bz.
Then, (Bz)sen converges. Let W be the subspace parallel to the affine hull of im(M + D) =
dom(M + D)=t Tt follows from maximal monotonicity of (M + D)1 that for each ¢

(60) (420 € (M+ D) (Cap+v(ty))

holds for any ¢ € W+. Now, let z, = ze} + zl? where zl} € ker BN W+ and
(61) 22 € (ker BAWH): =im BT + w.

Note that

(62) Bz, = Bz}.

From (60) by taking ( = —z}, we have

(63) 22 € (M + D)"Y Cxy + v(ty)).

Suppose that (27)een is bounded. Hence, (27)sen converges on a subsequence N, say to z. Then,
we see from (x¢,ys) = (w¢, —Ax¢ + Bzy) that (z4,ye)een converges to (x,y) = (x,—Ax + Bz).
Since H (t,-) is maximal monotone and that implies the closedness of graph (H (t, )), we then can
conclude that (x,y) € graph (H(t, )), or equivalently y € H(t,x).

Therefore, it is enough to show that (27)sen is bounded. Suppose, on the contrary, that 27 is

2
unbounded. Without loss of generality, we can assume that the sequence é—é‘ converges. Define
4
2
z
64 = lim .

From (62) and the fact that (Bzg)een converges, we have
lim Bz} = BC.
£— 00

Thus, we get

(65) (oo € ker B.
Let (Z,y) € graph H(¢,-). Then, § = —AZ + BZ where
(66) z € (M+ D) H(Cz+v(t)).

Due to passivity with K = I and monotonicity of (M + D)1, it follows from (63) and (66)
that

(o — %, —A(xg —T) + B(2} — 2)) = (27 — 2,C(x¢ — %) — D(27 — %))
> —(zf — z,0(te) — (1))
By dividing by |27|?, taking the limit as ¢ tends to infinity and using boundedness of v, we obtain
(Coos DG < 0.
Since D is positive semi-definite due to the first statement of Proposition 19, this results in
Coo € ker(D + DT).

Then, it follows from (65), K = I, and the second statement of Proposition 19 that
(67) Coo € ker CT,
Let n € im(M + D) —v(t) and ¢ € (M + D)~ (n+v(t)). In view of monotonicity of (M + D)™,
we get

(=<

Z|

,Cxp+v(te) —n—o(t)) >0,

from (63). Taking the limit as ¢ tends to infinity, employing boundedness of v, and using (67), we
obtain

(68) <C007 Cx — 77> = <Coo; *77> = 0.
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From (67) and (68), we see that the hyperplane span({(s})* separates the sets im C' and im(M +
D) —v(t). In view of imC = ri(im C) and (iii.), it follows from [51, Thm. 11.3] that im C' and
im(M + D) — v(t) cannot be properly separated. Therefore, both im C' and im(M + D) — v(¢)
must be contained in the hyperplane span({(s})*. Thus, we see that im(M + D) is contained
in v(t) + span({(})*. Since W is the subspace parallel to the affine hull of im(M + D), we get
W C span({(s})* which implies (o, € W-. Together with (65), we get

Coo € ker BN W,

In view of (61) and (64), this yields (o = 0. This, however, clearly contradicts with (64). There-
fore, 27| must be bounded. |

Next, we specialize the results of Theorem 20 to linear complementarity systems.

7.1. Linear complementarity systems. Linear complementarity systems are important in-
stances of the differential inclusions of the form (52) with M described by so-called comple-
mentarity relations. In this section, we aim at presenting tailor-made conditions for existence and
uniqueness of solutions to linear complementarity systems.

Consider a linear complementary system

#(t) = Ax(t) + Bz(t) + u(t)
w(t) = Cx(t) + Dz(t) + v(t)

where z € R" is the state, u € R" and v € R™ are external inputs, and (z,w) € R™*™ are the
external variables that satisfy

(= 2(t),w(t)) € graph(P)
where P : R™ =% R™ is the maximal monotone set-valued mapping given by
P(C)={n:n=>0,{<0, and (n,¢) = 0}.
Next, we introduce the linear complementarity problem.

Given a vector ¢ € R™ and a matrix M € R™*™_ the linear complementarity problem
LCP(g, M) is to find a vector z € R™ such that

(70a) 220
(70b) g+ Mz>0
(70c) (z,q+ Mz) = 0.

We say that the LCP(q, M) is feasible if there exists z satisfying (70a) and (70b). If a vector z
is feasible and satisfies (70c) in addition, then we say that z solves (is a solution of ) LCP(q, M).
The set of all solutions of LCP(g, M) will be denoted by SOL(q, M).

A comprehensive study on LCPs can be found in [21]. In the sequel, we will be interested in
LCP(q, M) where M is a (not necessarily symmetric) positive semi-definite matrix.

Given a square matrix M, we define

Qn :=SOL(0,M)={2:2>0, Mz >0, and (z, Mz) = 0}

and its dual cone

Of, ={C:(¢,z) >0forall z€ Qu}.
When M is (not necessarily symmetric) a positive semi-definite matrix, the set Qs is a convex
cone and can be given by Qy = {z:2 >0, Mz >0, and (M + MT)z = 0}.
The following proposition characterizes the conditions under which an LCP with positive semi-
definite M matrix has solutions.

Proposition 21 (Cor. 3.8.10 of [21] and Lem. 23 of [15]). Let M be a positive semi-definite
matriz. Then, the following statements are equivalent:

i. qEQZT/[.
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it. LCP(q, M) is feasible.
1. LCP(q, M) is solvable.
Moreover, the following statements hold:

iv. For each q € Qf,, there exists a unique least-norm solution z*(q) € SOL(q, M) in the sense
that |2*(q)| < |z| for all z € SOL(q, M).
v. There exists a positive number a such that
*(g)l <algl Vg€ Q.
Now, define
(71) Hp(t,z) = —Az+ B(P + D)™ (Cz +v(1)).

Note that dom Hp(t,-) = C~*(im(P + D) — v(t)). Moreover, ¢ € (P + D)(z) if and only if
—z € SOL(g, D). This means that ¢ € (P + D)(2) if and only if ¢ € QF, in view of Proposition 21.
In other words, dom Hp(t,-) = C~1(Qf — v(t)).
The following theorem provides streamlined conditions that guarantee the hypotheses of The-
orem 20 for the time-dependent set-valued mapping Hp as defined in (71).
Theorem 22. Let T > 0. Suppose that
i. (A, B,C, D) is passive with the storage function x — %:cT:c,
i, imC' Nri (im(P + D) —v(t)) # @ for all t € [0,T],
iii. v e AC([0,T],R™),
Then, Hp satisfies assumptions (A1)—-(A4).
Proof. It is enough to show that Hp satisfies the hypotheses (i.)-(vi.) of Theorem 20. The first
four hypotheses of Theorem 20 are readily satisfied. Therefore, we need to show that the remaining
two also hold.
For the hypothesis (v.) of Theorem 20, we need a streamlined version of Hoffman’s bound on
the polyhedral sets. To elaborate, let & # R C R™ be a polyhedral set given by R = {{ : R( =
0 and Q¢ < ¢} where R, @ are matrices and ¢ is vector with appropriate sizes. Hoffman’s bound

(see e.g. [24, Lemma 3.2.3]) asserts that there exists a positive number « that depend on R such
that

(72) dist(z, R) < o(|Rz| + | max(0, Qz — q)|)

for all x € R™ where max denotes componentwise maximum. By definition QE is a polyhedral
cone. Therefore, we have QE ={n e R™: Qn < 0} for some matrix Q. Let E be a matrix such
that im C' = ker E. Then, we have

(73) imC' N (im(P + D) —o(t)) =imC N (QF — v(t))
={(eR™: E(=0and QC < —Qu(t)}

for all t € [0,T.
Let s,¢ be such that 0 < s <t < T and w € im C'N (im(P + D) —v(s)). From (73), we see that

(74) Ew =0 and Qw < —Qu(s).

Now, we have

dist (w, imC N (im(P + D) — v(t))) (2) a(|Ew| + | max (0, Quw + Qv(t))|)

(74)
< almax (O, —Qu(s) + Qv(t))|
<

Blu(s) —v(t)]

where § is a positive number. Since v is absolutely continuous, we have

o)~ 0] = | [ i) dr| < / ot dr = / o) dr / " Jo(r) d.

(75)
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Then, (75) implies that

sup dist (w im C N (im(P + D) — v(t))) <O(t) — 0(s)
weim CN(im(P+D)—wv(s))

for all s,t with 0 < s <t < T where 6(t) = %fot |0(7)|d7 for all t € [0,T]. Clearly, 0 is nonde-
creasing and absolutely continuous.

For the hypothesis (vi.) of Theorem 20, note that ¢ € (P + D)~1(n) if and only if —¢ €
SOL(n, D). Due to Proposition 19, D is positive semi-definite. Then, it follows from Proposition 21
that there exists a positive number « such that

_1\0
((P+D)~1)"(n) < aln|
for all n € dom (P + D)~!. Therefore, Hp satisfies the hypothesis (vi.) of Theorem 20. |

8. CONCLUSIONS

In this article, we have studied the existence of solutions to differential inclusions with time-
dependent maximal monotone operators. With the help of an example, it is shown that our
proposed conditions overcome the limitations of existing results. As a particular class of these
inclusions, we consider differential equations coupled with time-dependent complementarity rela-
tions. For this system class, conditions for existence of solutions are derived explicitly in terms
of system data. To build on these results, the conditions for existence of solutions can be relaxed
for differential inclusions where the maximal monotone operators have a particular structure, for
example [59].

Moving forward from the question of existence of solutions, it is also of interest to study the
qualitative properties of the solutions of such systems, such as continuity with respect to initial
data [43]. One can also investigate stability related problems for the generic class of dynamical
systems, as has been done for some specific set-valued systems in [58]. It also remains to be seen
whether our proposed results provide any advantages in the study of optimal control problems,
such as [10].
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